Hydrodynamic modeling of surface plasmon enhanced photon induced current in a gold grating
Alex English, 1 Cheng-Wen Cheng, 2, 3, 4 Lloyd Lowe II, 1 Min-Hsiung Shih, 2 The current induced by incident photons on an gold grating slab is investigated numerically and experimentally. A semiclassical electrodynamic model is developed under the weak nonlinearity approximation. Electrons in the conduction band are treated as an electron gas in the presence of a self-consistent electromagnetic field. The model is solved by the finite element method and compared with measurements. The calculated current density as a function of incident angle and wavelength is found to be in qualitative agreement with the experimental measurements. The results show that increasing surface plasmon spatial variation enhances photon induced current.
Enhancement of optical properties, such as extraordinary transmission, by plasmon resonances in metallic materials has attracted much attention over the past two decades. 1,2 A great deal of the recent interest in these materials focuses on enhancing local electromagnetic fields to facilitate stronger light-matter interactions. Strong local fields are particularly important for nonlinear optical processes, which scale with electromagnetic field strength. A growing body of experimental studies of second-order nonlinearity has been reported. [3] [4] [5] [6] [7] [8] [9] [10] [11] While a light beam with the frequency of ω can induce both a second harmonic polarization as a result of ω + ω = 2ω and a DC polarization as a result of ω − ω = 0, the latter effect has received far less attention. DC polarization has many applications, such as high-speed light detection and terahertz radiation generation. [11] [12] [13] It can also potentially be used in the investigation of electron dynamics in metallic nanostructures. Thus far, DC polarization has been described in terms of photons imparting their momentum to electrons and holes in conductive materials. 4, 8, 14 However, the recent observation of an enhanced photon induced voltage on an Au grating slab 8 compared to a prism-coupled flat Au film 4 suggests that the momentum conservation argument itself is insufficient to explain these measurements. In addition, experiments of second harmonic generation 7, 15 on metallic metamaterials showed that the overall shape of the structures plays a significant role in determining nonlinear response. It is expected that a more complete understanding shall account for the spatial distribution of the electromagnetic field and the electron transport over nonuniform nanostructures.
In this Letter, the hydrodynamic theory developed by Goff and Schaich 16 for simple metals will be applied to structured metal slabs. The model is solved for an Au grating slab under the weak nonlinearity approximation using the finite element method (FEM) and compared with experimental measurements. The results of the numerical calculations agree qualitatively with the experimental results, indicating that spatially varying electromagnetic field strength plays a significant role in photon induced current.
The photon induced current can be treated by Maxwell's equations with an explicit current density J J J,
where J J J is due to electron transport in metal. The electric field E E E and polarization P P P in Eq.
(1) are written out separately for numerical convenience. In the absence of interband transitions, the response of the conduction electrons to an external electromagnetic field may be calculated classically. The electrons in the conduction band can be treated as an electron gas with an effective mass m * in the presence of the self-consistent fields E E E and H H H. 17 The hydrodynamic equation of motion for the average velocity v v v (r,t) is given by,
where j j j is electron flux density j j j = nv v v and pressure p is attributed to quantum mechanical Coulomb correlations and exchange contribution, described by a Thomas-Fermi statistics, p (r r r,t) = ζ n 5/3 (r r r,t), in which ζ is a constant ζ = 3 5h2 π 4/3 /25m * . 18, 19 A phenomenological decay time τ m is employed to describe other Coulomb scattering. To calculate the nonlinear current density, all variables in Eq. (2) are expanded as a series of orders where A = A 0 +Ã 1 e iωt +Ã 2 e 2iωt + · · · and A is either E E E, n, j j j or p. A 0 is the equilibrium value of the variable andÃ i are complex values. Solving Eq. (2) for the photon induced current,
a) Electronic mail: wankuang@boisestate.edu This is an author-produced, peer-reviewed version of this article. where ℜ [·] denotes the real part of the expression. 20 Equation (3) was solved by the finite element method using the commercial software package COMSOL 21 in the general equation mode. The two-dimensional simulation was performed for single period of an infinitely wide grating slab with a Bloch-Floquet boundary condition and a perfectly matched layer boundary condition. 20 The simulation results will be discussed in comparison with the measurements. Experimentally, the effect of a photon induced current can be measured as the voltage induced across the Au grating slab. Figure 1 shows the scanning electron microscope image of a fabricated Au grating slab. A 3 nm thick chromium adhesion layer was evaportated onto a silica substrate followed by evaporation of a 50 nm thick Au film. Periodic grooves with a 1.2 µm spacing were etched into the Au film by electron beam lithography and ion beam etching. The etching stopped short of completely removing the Au film to protect the Cr layer from oxidizing and also to provide a conductive path for displaced electrons. The structure is electrically isolated from the surrounding Au film. Electrical contacts were deposited at both ends of the grating slab and were wire bonded to a SMA connector. No RF impedance matching was attempted in the experiment. The total resistance as measured at the SMA connector was 48 Ω.
The incident light was produced from an optical parametric oscillator pumped by a frequency-tripled Q-switched YAG laser (OPOTek, Vibrant LD) whose wavelength was varied from 1 µm to 1.6 µm in the measurements. The induced voltage was fed to a 350 MHz amplifier (Standford Research Systems, SR445A) and measured by a 2.5 GHz digital storage oscilloscope (Agilent, Infinium DSO 90254A) triggered by the Q-switch of the laser. The laser beam was p-polarized and focused at the sample surface with a beam size of approximately 0.3 mm. The induced voltage was measured as a function of incident angle and wavelength. In all measurements, a~0.2 ns increase in pulse width, or 10% with respect to the incident optical pulse, was observed. 20 We attribute the pulse broadening to a lack of impedance matching between the Au grating slab and the SMA connector. Figure 2 (a) shows the photon induced voltage at the incident wavelength of 1.2 µm after amplified by a factor of 125. The noise floor was about 10 mV after the amplifier. The incident pulse energy was 2 µJ and the incident angle was varied from 5.5 • to 8.5 • in the measurement. No change in pulse width was observed. The maximal response achieved at 8.5 • coincides with the excitation of surface plasmon resonance, as will be shown. Figure 2(b) shows the peak voltage measured after the amplifier induced in the Au grating slab as a function of incident angle and wavelength. The direction of induced current reverses when the incident angle changes sign, consistent with a centro-symmetric structure. The peaks occurring between ±15 • in the figure are the result of surface plasmon resonance at the air and Au interface. At the incident wavelength of 1200 nm and 1300 nm, the surface plasmon resonance is excited by diffraction order −1 and 1, respectively. 20 Hence, the polarity of the photon induced voltage is expected to be reversed as shown in Fig. 2(b) . Additional peaks observed at incident angles larger than 15 • are due to surface plasmon excitation at the Au and glass substrate interface. 20 It should be noted To compare the measurement with the theoretical model, the photon induced voltage on the Au grating slab was measured from 1100 nm to 1500 nm at an interval of 50 nm and from 0 • to 30 • incidence at an interval of 1 • . The incident power remained the same for all measurements. Figure 3(a) shows the photon induced current density as a function of incident angle and wavelength simulated with the hydrodynamic model. The white open circles indicate the positions of peak response for a given incident wavelength. This result is compared with the measurement as shown in Fig. 3(b) . The staggered appearance is due to the limited wavelength samples. The agreement between the hydrodynamic model and the measurement can be observed. An increasing photon induced voltage as the wavelength increases from 1.25 µm to 1.6 µm, as observed in the experiment is also predicted by the model. Calculated responses at higher incident angles are found to have the same polarity as the measurement, but measurement shows a larger induced voltage at higher incident angles. This difference is possibly due to an increased surface roughness at the bottom of the grating due to ion beam etching. Since surface plasmon at the Au and substrate interface is attributed to the response at larger incident angles, the surface roughness can enhance the excitation efficiency. Figure 3 (a) and 3(b) are normalized with their respective maximum. We did not compare calculations quantitatively with the experiment because the measurement were conducted in the pulse mode and the results are influenced by many factors such as impedance matching. 20 However, the calculation for a prism coupled flat Au film showed that the photon induced current density was over an order of magnitude lower for the same incident power, consistent with the observation reported by Ishihara et al. 8 Our results indicate that increasing the surface plasmon spatial variation enhances photon induced current. Finally, the voltage was also measured as a function of incident power at the wavelength of 1400 nm showing that it is a linear function of optical intensity, as indicated by Eq. (3) .
In summary, the photon induced current on a Au grating slab is investigated numerically and experimentally. The calculated photon induced current as a function of incident angle and wavelength was found to be in qualitative agreement with the experimental measurements. In comparison with the momentum conservation approach, the nonlinear electron transport over a structured surface is also accounted for in this model. Hence the model reported here provides a pathway for the study of devices with more detailed photon-electron interactions.
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